Antibody-and complement-mediated phagocytosis is the main defense mechanism against Streptococcus pneumoniae. A standardized, easy to perform phagocytosis assay for pneumococci would be a great asset for the evaluation of the potential efficacy of (experimental) pneumococcal vaccines. Such an assay could replace the laborious phagocytosis assay of viable pneumococci (classical killing assay). Therefore, a newly developed phagocytosis assay based on flow cytometry (flow assay) was compared with the conventional killing assay and enzyme-linked immunosorbent assay (ELISA), using sera obtained from adults pre-and postvaccination with either a bivalent conjugate, a tetravalent conjugate, or the 23-valent polysaccharide vaccine. Highly significant correlations were observed between flow assay phagocytosis titers, killing assay phagocytosis titers, and ELISA antibody titers for serotype 6B and 23F as well. For serotype 19F, strong correlations were only observed between killing assay and ELISA titers. A potential drawback of the flow assay might be the low sensitivity compared with that of the killing assay. The choice of what assay to use, however, will depend on the objectives of the assay. When speed, easy performance, sample throughput, improved worker safety, absence of influence of antibiotics, and absence of false positives are the major criteria, the flow assay is the method of choice. When higher sensitivity is the major requirement, the classical killing assay should be used.
Streptococcus pneumoniae is a major cause of lower respiratory tract infections (18) , otitis media (17) , sepsis, and meningitis (4, 30, 38) in infants. Pneumococci are increasingly becoming resistant to penicillin (5, 11, 31) , and recently vancomycin-tolerant pneumococci have been reported (23) . A vaccine to protect humans against pneumococci consisting of the polysaccharides (PS) of the 23 most prevalent serotypes has been available since 1983 (27) . These PS are thymusindependent antigens and therefore are poorly immunogenic in infants and do not induce immunological memory. PS conjugated to proteins, however, overcome these problems. These types of antigens are thymus dependent, induce immunological memory, and are immunogenic in infants (33) .
Nowadays, several experimental conjugate vaccines are being evaluated in clinical trials (2, 7, 8, 19, 34) , and recently the first pneumococcal conjugate vaccine has been licenced in the United States (26) . The main defense mechanism against pneumococcal infections is antibody-and complement-mediated phagocytosis. The most commonly used surrogate parameter for protection is PS antibody concentration as measured by enzyme-linked immunosorbent assay (ELISA). This assay, however, does not measure functionality (phagocytic capacity) of the antibodies. Although, in general, strong correlations between PS immunoglobulin G (IgG) antibody titers and phagocytosis titers are measured (11, 14, 31) , direct measurement of opsonophagocytosis is a better predictor of in vivo protective capacities of anti-PS antibodies, than anti-PS IgG concentration as measured by ELISA (1, 15, 25, 32) . This is especially true when sera of unimmunized subjects are studied (34a). Recently described nonopsonic antibodies that crossreact with different PS in ELISA might explain this lack of correlation between PS antibody levels and protection (21) . Therefore, there is a need for an easy-to-perform in vitro phagocytosis assay that can be used as a correlate of efficacy. A number of phagocytosis assays, based on either flow cytometry (6, 10, 20, 24, 28, 36) , microscopy (39, 40) , radioactivity (37), or cell counting (29) , have been developed. To evaluate the phagocytic capacity of large numbers of antisera, these assays should meet a number of criteria. The assays should be easy, fast, and safe to perform and easy to transfer to and standardize in other laboratories. Furthermore, they should be specific and sensitive. Finally, the assays should consume minimal amounts of serum, have a low cost price per sample, and ideally represent the human in vivo defense mechanism. None of the assays described thus far, however, meet all these criteria yet.
We have developed a standardized, easy-to-perform phagocytosis assay based on flow cytometry (flow assay) (14) . This flow assay uses human polymorphonuclear granulocytes (PMN) and human IgG-depleted serum as a complement source. Since this assay resembles the defense mechanism in humans it has the potential to correlate with in vivo protection. In a mouse model excellent correlations between flow assay phagocytosis titers and mouse protection have been observed (1; W. T. M. Jansen et al., unpublished results). The killing phagocytosis assay has been standardized by Romero-Steiner et al. (29) . This assay is considered to be the "gold standard" and is a predictor for protection from bacteremia in a mouse model (15) . It is, however, rather time consuming, requiring much labor and therefore not suited for the evaluation of large numbers of pneumococcal antisera obtained from, e.g., clinical trials. In addition, live human pathogens have to be used on a daily basis.
The aim of this study was to investigate whether the flow assay can be used as an alternative for the killing assay to measure phagocytic capacity of pneumococcal antibodies, measured in pre-and postvaccination sera. Therefore, antisera obtained from vaccinees immunized with the conventional 23-valent PS vaccine or experimental conjugate vaccines were analyzed for anti-PS IgG antibody titers by ELISA and phagocytosis titers as measured by the flow assay and killing assay. Correlations between ELISA and flow and killing assays were determined and advantages and disadvantages of the phagocytosis assays are discussed.
MATERIALS AND METHODS
Vaccines and antisera. Antisera obtained from adults 1 month after vaccination with a pneumococcal 6A and 23F bivalent CRM197 conjugate vaccine (35) were kindly provided by Wyeth-Lederle Vaccines and Pediatrics, Rochester, N.Y. Antisera from Finnish adults 28 days after vaccination with a tetravalent pneumococcal conjugate vaccine (22) Flow assay. The flow cytometry phagocytosis assay was performed as described (14) . Pneumococcal strains (serotype 6A, 6B, 19F, and 23F) (American Type Culture Collection [Manassas, Va.] strains), kindly provided by Statens Serum Institut, Copenhagen, Denmark), were grown thrice consecutively to log phase to ensure high-level encapsulation (14) and subsequently were heat inactivated and fluorescein isothiocyanate (FITC) labeled. Human pooled serum was depleted of IgG by protein G affinity chromatography and used as a complement source. Human PMN were isolated from the blood of healthy, Fc␥ receptor-typed volunteers (13) by a Ficoll-Histopaque gradient. Only PMN that were heterozygous or homozygous for the His 131 Fc␥IIa receptor allotype (e.g., receptor allotype with high affinity for IgG2) were used for this study (13) . Sera from vaccinees were heated (30 min at 56°C) to inactivate the complement. Samples of 2.5 ϫ 10 6 pneumococci, a fixed concentration of complement (2% final concentration in the assay), and a diluted serum sample were added per well in a 96-well microtiter plate. After 30 min of opsonization at 37°C on a microtiter plate agitator, 2.5 ϫ 10 5 PMN per well were added and phagocytosis was performed for another 30 min 37°C on the agitator. After a wash with ice-cold bovine serum albumin-Hanks balanced salt solution, the cells were transferred to fluorescence-activated cell sorter tubes, fixed with paraformaldhyde (2%) in phosphate-buffered saline (PBS), and analyzed in a flow cytometer (FACScan; Becton Dickinson). For an example of the histograms obtained, see reference (14) . The percentage of FITC-positive PMN was used as a measure for the phagocytic activity of the serum. Results are expressed as log 10 of the phagocytosis titer, in which the phagocytosis titer is the reciprocal serum dilution resulting in 25% FITC-positive PMN. The reproducibility of the assay was controlled by including a positive control serum in each plate.
Killing assay. The killing assay was performed according to an adapted protocol (3) originally described by Romero-Steiner et al. (29) . PMN were isolated from blood of healthy adult donors by dextran sedimentation and Ficoll-Histopaque density gradient centrifugation. Sera were heated (1 h 56°C) to inactivate the complement, and baby rabbit serum was used as an external complement source. Diluted serum samples in Hanks balanced salt solution containing 1% gelatin and bacteria (1,000 CFU per well) were added to 96-well microtiter plates and incubated for 15 min at 37°C in a 5% CO 2 atmosphere. Subsequently, complement (12.5% final concentration) and PMN (4 ϫ 10 5 per well) were added and phagocytosis was performed on a horizontal shaker platform for 45 min at 37°C. From each well a 5-l aliquot was transferred to plates that were then incubated at 37°C in 5% CO 2 overnight, and CFU were counted manually. Opsonophagocytic activity of antibodies was expressed as log 10 of the phagocytosis titer, in which the phagocytosis titer is the reciprocal of the serum dilution with 50% viable bacteria compared with the bacterial growth of the controls, which contain no serum. Sera with undetectable phagocytosis titers were reported as having a phagocytosis titer 4, with a titer of 8 being the highest positive result. The reproducibility of the assay was controlled by including a positive control serum in each plate.
EIA. Concentration of IgG antibodies to pneumococcal PS were determined by ELISA for both conjugate vaccine sera (16) and polysaccharide vaccine sera (21) . Serotype-specific PS was obtained from the American Type Culture Collection for use as coating antigen. Specimens were preadsorbed with C-PSenriched absorbent prepared by Wyeth-Lederle Vaccines and Pediatrics. Briefly, the serum samples were diluted 1:100 in PBS-10% fetal calf serum (F-PBS) containing cell wall PS (10 g/ml). After 30 min at room temperature, threefold dilutions were made in F-PBS and the sera were incubated on the plates for 2 h at 37°C. After washing, antibody binding was detected by alkaline phosphataseconjugated anti-human IgG (Sigma, St. Louis, Mo.) diluted in F-PBS and incubated for 2 h at 37°C. The color was developed by the substrate p-nitrophenyl phosphate (Sigma) and the absorbance at 405 nm was read on an ELISA reader (Multiscan Labsystems, Helsinki, Finland). Antibody levels in the samples were expressed as log 10 Statistical analysis. Killing assay, ELISA, and flow assay were performed in different laboratories. Correlation between flow assay phagocytosis, killing assay phagocytosis, and ELISA antibody titers were analyzed by Pearson bivariate correlation analysis using SPSS 8.0 statistics software. Statistical significance of correlations was assessed by Student's t test. A P value of Ͻ0.05 was considered statistically significant.
RESULTS
Comparison between flow assay, killing assay, and ELISA using pneumococcal 23-valent PS vaccine antisera. Sera from 23 adults vaccinated with the 23-valent PS vaccine were analyzed for IgG antibody levels in ELISA using PS 6A, 6B, and 19F as coating antigen. The functionality of these serum antibodies was determined in two different phagocytosis assays: the flow assay and the killing phagocytosis assay. Mean antibody titers and phagocytosis titers for the different serotypes are shown in Table 1 . In spite of the low phagocytosis titers for serotype 6B in the flow assay, a strong, significant correlation between the flow and killing assays was observed for this serotype (Table 2) . However, antisera with opsonophagocytosis titers below 2 (1:100) as measured by the killing assay were not opsonic in the flow assay (Fig. 1) , indicating that the flow assay had a lower sensitivity than the killing assay. For serotype 6A, correlations between ELISA, killing assay, and flow assay, titers were all significant but relatively low compared to that serotype or 6B. For serotype 19F, however, the results obtained with the three different assays showed no correlation ( Table 2) .
Comparison between flow-, killing-assay and EIA for conjugate antisera. Since newly developed vaccines against S. pneumoniae consist of conjugated saccharides, sera obtained from adults vaccinated with two different experimental conjugate vaccines were analyzed. Sera from 46 vaccinees, before and after vaccination with an experimental 6A-23F bivalent conjugate vaccine, were compared for (functional) antibody levels against serotype 23F as measured by ELISA, flow assay, and killing assay. Mean anti-23F antibody titer and flow and killing assay phagocytosis titers are shown in Table 1 . Strong correlations were observed between flow and killing assay titers (Fig. 2) , killing assay and ELISA titers (Table 2) , and flow assay and ELISA titers (Table 2) , the last of these as reported previously in reference (14) .
Subsequently ELISA, flow assay, and killing assay titers were determined for 40 sera from adults before and after vaccination with a tetravalent conjugate vaccine. For serotype 6B and 23F, correlations between all three assays were strong and significant (Table 2 ). For 6B, correlations between the flow assay and killing assay are shown in Fig 3. For serotype 19F , however, significant correlations between the three assays were only observed when all serum samples (pre-and postvaccination) were included.
DISCUSSION
To examine the potential of the flow assay as an alternative assay for the killing assay, we compared these assays and ELISA using sera from people immunized with different pneumococcal vaccines. In general, comparison yielded highly significant correlations between ELISA, the flow assay, and the killing assay. There were, however, some exceptions. For serotype 19F, correlations between flow assay and killing assay were low, especially when using PS vaccine antisera. This finding is in agreement with the relatively low correlations between ELISA and opsonophagocytosis observed for serotype 19F by Romero-Steiner et al. who used the killing assay (29) , suggesting that the extent of correlation between antibody concentra- b n is the total number of analyzed antisera per vaccine. For the PS vaccine, only postvaccination antisera were analyzed, whereas for the conjugate vaccines pre-and postvaccination antisera were combined for correlation analysis.
c For the killing assay, titers were obtained for 14 antisera only. Therefore, correlations between killing assay and ELISA flow assay and ELISA were calculated for these corresponding 14 antisera.
d The slope (S) of the fitted linear curve, Y ϭ Sx ϩ b, was calculated by linear regression analysis. e NS, not significant f P is less than the values given.
tion and opsonic capacity of these antibodies might vary between different serotypes.
In general, for PS vaccine antisera correlations between the three assays were relatively low. One of the reasons for the weak correlation between ELISA and phagocytosis assays might be the induction of relatively high amounts of IgM by the PS vaccine in the serum. Recently it has been shown that in addition to IgM and IgG, IgA is also able to mediate phagocytosis of pneumococci (12) . Since only IgG antibodies were measured in the ELISA, the presence of IgM and IgA antibodies can obscure the relationship between IgG antibody levels and phagocytosis. Since anti-PS IgG antibody concentrations induced by the PS vaccines in general were rather low compared to those induced by the conjugate vaccines, phagocytosis titers measured were close to the detection limit of the flow assay. This might explain why, in general, correlations between the flow assay and the other assays were weak for serum containing low anti-PS IgG antibody levels (e.g., in prevaccination serum samples and after PS vaccination). As a consequence, the flow assay might be more suited for the evaluation of conjugate vaccine efficacy than for the evaluation of the conventional Pneumovax vaccine.
The killing assay and flow assay differ in assay components and readout system. The possible contribution of each component to the observed differences in phagocytosis titers and sensitivity is discussed below. The flow and killing assays both use PMN as effector cells. These cells bear two Fc receptors for IgG: Fc␥RIIa and Fc␥RIIIb. Both receptors display a genetic polymorphism that affects in vitro phagocytosis of pneumococci (13) . In the flow assay only Fc␥RIIa allotypes that were heterozygous for 131 His, i.e., the high-affinity IgG2 receptor allotype, were used. PMN were not allotyped for their Fc␥R in the killing assay, which might have influenced phagocytosis titers and, as a consequence, affected correlation coefficients between both assays. Furthermore, the assays differ in complement source and complement concentration. The flow assay uses 2% human IgG-depleted serum, whereas the killing assay uses 20% baby rabbit antiserum. Although 20% baby rabbit serum did not significantly alter phagocytosis titers as measured by the flow assay (W. T. M. Jansen et al., unpublished results), it is possible that differences in complement source and concentration are additional factors influencing the correlation between the flow and killing assays. Finally, both assays differ in the strains used for opsonization. In the flow assay, pneumococci are grown thrice to log phase to ensure high-level encapsulation. By this method any opsonophagocytic activity of anti-cell wall PS antibodies is excluded. The very dense encapsulation (electron microscope photographs [data not shown]) ensures high specificity but might to some extent hinder phagocytosis efficiency, thereby reducing the sensitivity of the flow assay.
As stated above, both flow and killing assays use PMN as effector cells. Alternatively, HL60 cell lines can be used as effector cells in a flow cytometry phagocytosis assay (20) and the classical killing phagocytosis assay (29) . Although the use of HL60 cell lines circumvents the need for healthy blood donors, this cell line also has some disadvantages. It remains difficult to differentiate this cell line into active phagocytes in most laboratories. Because the differentiation takes up to 8 or 9 days (29), assays using HL60 cell lines are not suited for short-term measurement of opsonophagocytic antibody levels in, for example, patients. Furthermore, the number of cells that remain viable during differentiation is variable (29) and relatively low. Finally, it has been shown that the Fc␥RIIa on these cells is homozygoous for 131 Arg, which is the low-affinity IgG2 receptor allotype (20) . Since in adults the antibody response to PS is mainly of the IgG2 subtype, this is of importance when analyzing phagocytic capacities in sera from adults (13) .
Though clinical trials for pneumococcal conjugate vaccine have been recently finished or are still ongoing (9) , data about protective opsonic antibody titers are still incomplete. Therefore, the definite choice for a particular in vitro assay as a correlate for pneumococcal vaccine efficacy in humans cannot be made yet. However, both the flow and the killing assays have distinct advantages and disadvantages. The flow assay is easy to set up and perform. It is a fast assay, suitable for the screening of 125 serum samples per day (14) . Moreover, since the flow assay does not use viable bacteria it will not be affected by the presence of antibiotics in the serum. All assay components are of human origin, including Fc␥ receptor-allotyped PMN. Finally, since this assay only measures serotype-specific phagocytosis of highly encapsulated pneumococci (14) , it is unlikely that false positives will occur. A disadvantage of the flow assay is its lower sensitivity. In contrast, the killing assay is highly sensitive but has the disadvantages of being cumbersome to perform and more labor-intensive, requiring live pathogens, and having a higher cost price per sample.
In conclusion, we partially achieved our goal of establishing our flow assay as an alternative to the killing assay. The preference for either flow or killing assay will depend on which criteria are most important in a particular situation. As long as the sensitivity of the flow assay is high enough to measure minimal protective phagocytosis titer, false negatives can be avoided, whereas false positives will certainly be excluded. In the case of antisera with borderline phagocytic titers, one could fall back on the killing assay for a second opinion.
